Recent studies on the morphogenesis of the pulmonary arteries have focused on nonhuman species such as the chick and the mouse. Using immunohistochemical techniques, we have studied 16 lungs from human embryos and fetuses from 28 d of gestation to newborn, using serial sections stained with a panel of antibodies specific for endothelium, smooth muscle, and extracellular matrix proteins. Cell replication was also assessed. Serial reconstruction showed a continuity of circulation between the heart and the capillary plexus from at least 38 d of gestation. The intrapulmonary arteries appeared to be derived from a continuous expansion of the primary capillary plexus that is from within the mesenchyme, by vasculogenesis. The arteries formed by continuous coalescence of endothelial tubes alongside the newly formed airway. Findings were consistent with the pulmonary arterial smooth muscle cells being derived from three sites in a temporally distinct sequence: the earliest from the bronchial smooth muscle, later from the mesenchyme surrounding the arteries, and last from the endothelial cells. Despite their different origins, all smooth muscle cells followed the same sequence of expression of smooth muscle-specific cytoskeletal proteins with increasing age. The order of appearance of these maturing proteins was from the subendothelial cells outward across the vessel wall and from hilum to periphery. The airways would seem to act as a template for pulmonary artery development. This study provides a framework for studying the signaling mechanisms controlling the various aspects of lung development.
The past few years have seen advances in our understanding of pulmonary endothelial and smooth muscle cell phenotype and function, and yet our understanding of the origins of the human pulmonary arteries is still based on the reconstructions of embryos described by Congdon in 1922 (1) . Later studies showed that intrapulmonary preacinar airway and arterial branching is complete by 16 wk of gestation (2) , but the origins of the capillary plexus and its connection with the pulmonary arteries have remained unclear. A recent study has shown that in the mouse, the pulmonary circulation appears to derive from two sources (3) . In that study, using casts and electron microscopy, segmental arteries were shown to develop by angiogenesis from the extrapulmonary circulation, and simultaneously, the peripheral capillary plexus formed by vasculogenesis from the pulmonary mesenchyme. The communication between the two was completed at 13 to 14 d of gestation (3) . In the present study, we have studied the development of the capillary plexus in human embryonic and fetal lungs on serial sections, having immunostained the endothelial cells for expression of cluster of differentiation number 31 (CD31) and von Willebrand factor.
Newly formed endothelial tubes in the systemic and pulmonary circulation become invested by smooth muscle cells, but the origins of these cells are not certain. In vitro studies indicate that smooth muscle cells may be recruited by the endothelium from the surrounding mesenchyme or arise by transdifferentiation from the endothelium (4) . In the systemic circulation of the developing quail embryo, mesenchymal cells associating with the endothelium express smooth muscle-specific ␣ -actin ( ␣ -SM-actin) and these committed cells then express more smooth muscle cell markers as they mature (5) . The phenotype of vascular smooth muscle cells varies, with adult bovine and porcine pulmonary arteries containing several different cell phenotypes, differing in their cytoskeletal composition (6, 7) . In the present study, we have explored the hypothesis that the different muscle phenotypes have different developmental origins. We have examined the temporal and spatial pattern of pulmonary arterial smooth muscle maturation by studying the expression of smooth muscle-specific, contractile, and cytoskeletal proteins using immunohistochemical labeling in the human fetal lung.
Cell migration during tissue morphogenesis is regulated in part by the composition of the tissue matrix. Fibronectin is a chemoattractant for mesenchymal cells (8) , and in vitro migration of smooth muscle cells is dependent on fibronectin (9) . Expression of tenascin mediates cell migration and proliferation (10) (11) (12) . Versican is expressed at sites of tissue interaction in the developing fetal mouse where it regulates paths of cell migration (13, 14) . Therefore, we also examined the temporal and spatial distribution of these three proteins in relation to the development of the pulmonary arteries. diagnostic postmortem lung tissue from three neonates who died with normal lungs. This tissue was taken within 24 h of death and fixed in 10% formaldehyde for a minimum of 24 h, before processing for routine histology. Serial 5-m sections were cut from the thoracic region of each fetus or tissue sample. In all fetuses, the plane of sectioning was transverse. In addition to routine hematoxylin and eosin and Miller's elastic van Gieson stain, the sections were used for immunohistochemical staining with antibodies specific for either vascular endothelial cells or smooth muscle cells or for matrix proteins associated with cell migration. Endothelial cells were identified by expression of von Willebrand factor and CD31, which is specific for endothelial cells. Smooth muscle cells were identified by ␣ -SM-actin expression and with antibodies for ␥ -SM-actin and the 204-kD, smooth muscle-specific myosin heavy chain isoform SM1. Expression of the actomyosin regulatory proteins calponin and caldesmon and the smooth musclespecific intermediate filament protein desmin were also examined together with expression of the matrix proteins fibronectin, tenascin, and versican. In addition, to locate dividing cells, sections were incubated with Kiel University-raised antibody number 67 (Ki-67), which specifically locates cells during replication (Table 1) .
Before incubation with the primary antibody, the sections were first dewaxed and antigen unmasking was carried out by autoclaving at 121 Њ C for 14 min in citric acid buffer (2.1 g citric acid in 1 liter distilled water, pH adjusted to 6.0). Endogenous peroxidase was then blocked by incubation in 0.3% hydrogen peroxide in methanol and nonspecific binding blocked by incubation with serum-free protein block (Dako Ltd., Cambridge, UK). Sections were incubated in 100 l of primary antibody diluted in phosphate buffered saline with 0.02% bovine serum albumin for 1 h at room temperature. Antibody binding was visualized using StrepABComplex horseradish peroxidase (Dako Ltd.) and diaminobenzidine. In control sections, incubation with the primary antibody was omitted. Sections were lightly counterstained with hematoxylin before examination.
Initially, sections were examined without knowledge of the age of the embryo. Antibody stain was consistent over the entire section, and sections at different levels in the serial showed similar distribution of each antibody. The diameter of the terminal buds, the height of the epithelium, and the distance between adjacent buds were measured on sections stained with hematoxylin and eosin using an eyepiece graticule. In addition to conventional microscopic study, three-dimensional reconstructions were made from images of serial sections acquired using a Zeiss Axioskop microscope (Carl Zeiss Jena, Welwyn Garden City, UK), ϫ 10 objective, Hamamatsu camera (Hamamatsu Enfield, UK), and the 3-D rendering module of the OpenLab Programme (Improvision, Warwick, UK).
Results
The development of the pulmonary arteries is inextricably linked with that of the airways. By studying serial sections, we found that the airways formed by continuous centrifugal branching within the lung mesenchyme as previously reported ( Figure 1A ). After each new branch formed, the pulmonary artery formed in situ alongside it from the mesenchyme. In all fetuses throughout the gestational period studied, the appearance of the peripheral airways was similar as represented in Figure 1B and illustrated in Figures  2A through 2D . The number of generations separating the terminal buds from the hilum could be counted on the sections and increased with age ( Figures 1A and 2A-2D ). There were two generations at 38 d ( Figures 1C and 2A) to at least the eight generations that we could identify on a single section at 98 d of gestation. Previous reconstruction studies showed that the adult number of generations, up to 23 in the lower lobe segments, is present by 16 wk of gestation (16) . The wall structure of the more proximal, and therefore older, airway and arterial generations differentiated as they increased in size with age. Smooth muscle cell differentiation in both airways and pulmonary arteries could be compared between fetuses of different gestational ages, and within a single fetus between proximal and distal generations. Figure 1C is a drawing derived from the serial reconstruction and Figure 2B , a photomicrograph Figure 2E ), and by 140 d, the mean diameter was 43 m and the epithelium was thinned to 12 m. The epithelium of these terminal buds was still continuous and was not thinned by underlying capillaries as it is in the later, canalicular stage (17) .
In all lungs up to 98 d gestation, an incomplete layer of thin, flattened mesenchymal cells adhered to the base of the epithelial cells of the terminal bud. Some of these cells at the dividing point of the terminal bud expressed ␣ -SMactin. In the airway giving rise to the terminal bud ( Figure  2G , A) and in the generation proximal to this ( Figure 2G , B), all the cells in this subepithelial cell layer expressed ␣ -SM-actin and could be considered to be precursor smooth muscle cells. The number of smooth muscle cell layers increased from one layer in level A airways to four layers in level B airways ( Figures 1B, 2G , and 2H). The innermost two layers were tightly packed and brick-shaped, whereas the two outer layers were loosely packed and had processes extending into the mesenchyme ( arrowheads ). Proximal to level B, there were two layers of brick-shaped, tightly packed muscle cells ( Figures 1B and 2H ). Closer to the hilum, these layers became increasingly fragmented and discontinuous around the airway ( Figure 2D ). In lungs of older fetuses of 105 to 140 d, instead of there being four layers of smooth muscle cells surrounding level B airways, there was only one layer ( Figures 1B and 2I) . From level C, this smooth muscle cell layer was fragmented, an appearance seen in all preacinar airways of the newborn lung ( Figure 2F ).
Cell multiplication, studied by Ki-67 labeling, was greatest in the epithelial cells of the most peripheral airways at all ages. There was little multiplication of bronchial smooth muscle cells except in the outer two smooth muscle cell layers of level B airways at 38 to 98 d gestation ( Figure 2J ).
Pattern of Arterial Development
At 28 d of gestation, endothelial tubes containing blood cells could be identified in the mesenchyme surrounding the airways and the foregut. At 34 d of gestation, two small vessels could be identified on either side of the prospective trachea. In each lung bud at 38 d gestation, a single pulmonary artery was identified accompanying the prospective extrapulmonary bronchus ( Figure 2B ). Serial reconstruction showed that these arteries were continuous proxi- 
Pattern of Airway Development
In the 28-d-old fetus, we found a single airway branching from the foregut within the splanchnic mesenchyme surrounding it ( Figure 1A ). By 34 d of gestation, there were two branches within the mesenchymal sheath that was still continuous with that surrounding the foregut, the prospective left and right bronchi ( Figure 2A ). By 38 d of gestation, the lung bud (airways and mesenchyme) was separated from the foregut mesenchyme, but there was no structural demarcation between the mesenchymal swelling constituting the lung and the extrapulmonary airways and mally with pulmonary arteries positioned one on each side of the trachea, which could be traced back to the heart (socalled primitive pulmonary arteries [1] ), and peripherally with a plexus of capillaries around the terminal buds. The serial reconstruction is illustrated in Figure 1C . Cells expressing ␣ -SM-actin were present beneath the endothelium of the prospective extrapulmonary arteries ( Figure 3A) .
A plexus of capillaries labeling with CD31 and von Willebrand factor was present within the mesenchyme of the lung bud in all fetuses studied, from 28 to 140 d gestation. In lungs of the 34-d-old fetus, a basketwork mesh of capillaries could be seen around the airway ( Figure 3B compared with Figure 2A ). In the 38-to 84-d fetuses, each terminal bud was surrounded by a halo of CD31-labeled capillary endothelial cells about 30 m from the epithelium ( Figure 3C ). Many cells in this region, both endothelial and mesenchymal, were Ki-67 positive, whereas there were fewer dividing cells in the general mesenchyme (Figure 3D) . Alongside level B airways, the capillaries coalesced to form a progressively larger vessel with a wide lumen. These vessels were lined by flattened (CD31-labeled) endothelial cells ( Figure 3E ) and were surrounded by an incomplete layer of ␣ -SM-actin positive cells ( Figure 3F ). The coalescing capillaries were continuous proximally with arteries running parallel with their accompanying airways. The wall of these arteries was made up of a continuous layer of smooth muscle cells, and the endothelial cells now protruded into the narrow lumen ( arrows ) (Figure 2H ). At this level, few of the endothelial cells were replicating.
In the lungs at 98 to 140 d gestation, the relationship of the capillaries to the epithelial cells of the terminal bud altered in that the capillaries at the end of each branching airway were now closely applied to the epithelium ( Figure  3G ). The endothelial cells of many of these capillaries stained with both CD31 and with ␣ -SM-actin (compare Figures 2I and 3G ). These capillaries coalesced to form the arteries alongside the airways proximal to the terminal buds as in the younger cases. Thus, in all the lungs from 28 to 140 d, new arteries appeared to form by vasculogenesis around the terminal airways.
In the newborn lung, there was a complete bed of CD31-positive capillaries throughout the walls of the alveoli; their endothelial cells did not express ␣ -SM-actin ( Figure 3H ). Figures 2G, 2H, and 3F) , principally on the side of the vessel closest to the airway. Many of these muscle cells were labeled with Ki-67, indicating replication (Figure 2J) . Immunostaining with matrix proteins fibronectin, tenascin, and versican showed different distributions through the lung: fibronectin was concentrated around endothelial tubes ( Figure 4A ), tenascin around the airway and arterial smooth muscle ( Figure 4B ), and versican throughout the mesenchyme ( Figure 4C ). However, in the region between the inner smooth muscle cells of the airway and the endothelial tubes, the three matrix proteins colocalized ( asterisk ), a finding compatible with this being an area of cell movement.
Origin of Pulmonary Arterial Smooth Muscle Cells
In the more proximal artery generations, one to two layers of brick-shaped, nonreplicating, smooth muscle cells surrounded the endothelium of the newly formed artery ( Figure 2H ). These inner two layers remained closely packed and brick-shaped, even in the newborn ( Figure  4D ). Thus, it appeared that the inner one to two smooth muscle layers of most if not all of the preacinar arteries had derived from the bronchial smooth muscle. In the fetuses of 105 to 140 d gestation, there was no longer any connection between the smooth muscle of the airway and arterial walls although capillary tubes were still coalescing at this level ( Figure 2I) .
The second source of the smooth muscle cells was the
Figure 4 (right). Photomicrographs illustrating smooth muscle origin. Peripheral airway generations of a 98-d-old fetus labeled for fibronectin ( A), tenascin (B), and versican (C).
Fibronectin is found below the endothelium of the artery accompanying the airways of levels B and C (arrow) and around the mesenchymal capillaries (arrowheads), but is not detectable around the bronchial smooth muscle cells or the epithelium. Tenascin is found in the area between the outer smooth muscle layers of the level B airway and the accompanying endothelial tubes. It is also found around the bronchial smooth muscle cell layer of level A airways and around the outer margins of the muscular artery (arrow). Versican is found throughout the mesenchyme but is not found in the airway epithelium, bronchial smooth muscle cell layers, or capillaries and blood vessels. lung mesenchyme. By 56 d of gestation, the first intrapulmonary artery at the hilum of the lung bud had two layers of brick-shaped ␣-SM-actin positive cells that in addition were surrounded by four further layers of fusiformshaped, loosely packed cells ( Figure 4E ). The number of layers of fusiform cells increased with age ( Figure 4F ). These layers initially consisted of mesenchymal cells, circumferentially orientated, containing no ␣-SM-actin or any other smooth muscle cell-specific protein, but these proteins appeared with age ( Figure 4F ). Cell multiplication was seen in cells across the whole width of the prospective media. The number of generations having this structure increased with age and was seen over the first six generations from the hilum in the older fetuses. This section of the arterial pathway eventually becomes the elastic intrapulmonary segment of the postnatal lung where at least seven layers of smooth muscle cells and elastic laminae are identified ( Figure 4D ) (18, 19) . The third possible source for the smooth muscle was from the endothelial cells. In the lungs of fetuses aged 98 to 140 d, many of the peripheral capillary endothelial cells stained with antibodies to ␣-SM-actin as well as CD31 ( Figure 4G ). In some of the endothelial tubes, ␣-SM-actin positive cells were seen wrapped around the endothelial cells ( Figure 4H ). These singular endothelial cells seemed to be specific for a given time during development. They were not seen before 98 d of gestation nor were they present in capillaries of the neonatal lungs ( Figure 3H ). 
Maturation of Smooth Muscle
With increase in age and with increasing proximity to the hilum, there was progressive maturation of the cytoskeletal proteins in the smooth muscle cells of both airways and arteries ( Figures 5 and 6 ). From 56 to 98 d of gestation, smooth muscle cells of level A airways and the outer two layers of cells surrounding level B airways expressed ␣-SM-actin and SM1 ( Figures 5A and 5B) . However, the inner two muscle layers of level B airways also expressed ␥-SM-actin and calponin ( Figure 5B ). More proximally, the airway smooth muscle also expressed the actomyosin regulatory protein caldesmon and the intermediate filament protein desmin ( Figure 5C ), a marker of mature smooth muscle (20) . In the 105-to 140-d fetuses, the staining pattern of the proximal airways was unchanged, but the smooth muscle cells of level A and B airways only expressed ␣-SM-actin ( Figure 5D ).
Arterial smooth muscle cells were less mature than the adjacent airway smooth muscle cells in that desmin was not detected in arteries in any fetal or neonatal lung (Figures 5C and 6 ). For arteries with one to two layers of muscle in their wall, all smooth muscle cells expressed ␣-SMactin. At 38 d, only extrapulmonary arteries had smooth muscle cells and these expressed ␣-SM-actin and SM1 ( Figure 5E paired with Figure 3A ). In lungs of fetuses age 56 to 84 d gestation, arteries accompanying level B airways and proximally also expressed SM1 ( Figure 5A ). Level C arterial smooth muscle cells also expressed ␥-SM-actin. In the lungs of fetuses of 105-140 d gestation, the smooth muscle cells of level A and B arteries only expressed ␣-SMactin although SM1 and ␥-SM-actin appeared at level C (Figures 5D and 6 ). In the neonatal lung, such peripheral arteries, including the respiratory unit arteries, were more mature than those of the 140-d-old fetus and expressed ␣-SM-actin, SM1, ␥-SM-actin, calponin, and caldesmon.
In arteries with more than two muscle cell layers (only seen from age 56 d onward) maturational changes were seen across the width of the wall. From 56 d of gestation onward, the inner two layers of brick-like smooth muscle cells strongly expressed ␣-SM-actin, SM1, and ␥-SM-actin, whereas calponin was weakly expressed and caldesmon became detectable by 84 d of gestation ( Figure 5C ). At this time and until 112 d gestation, the outer fusiform cells only expressed ␣-SM-actin and the intensity of stain decreased with increasing distance from the lumen (Figures 4E and  4F) . The outer layers, though expressing ␣-SM-actin, were outside the elastic laminae ( Figure 5F ). After 112 d, in the largest vessels all fusiform cells showed strong expression of ␣-and ␥-SM-actin, SM1, calponin, and caldesmon, and all were within the elastic laminae of the media. A similar expression to this was seen in the perihilar elastic arteries and in the midlung vessels in the neonatal lung ( Figure 4D ).
Discussion
This study has shown that the development of the pulmonary arteries in humans is closely related to that of the airways. Previous studies showed that the branching pathways of the airways and arteries develop together during fetal life, and preacinar branching is complete by 16 wk of gestation (2, 16) . The present study on normal human embryonic and fetal lungs suggests that the airways are essential for pulmonary arterial development. They appear to impose organization on randomly formed endothelial tubes in that the tubes line up around the terminal buds of the airways, suggesting an inductive influence from the epithelium. In addition, the airways also appear to be involved in the derivation of at least some of the pulmonary arterial smooth muscle cells. In fetuses of up to 98 d gestation, a cuff of bronchial smooth muscle located just behind the terminal branches appears to give rise to the vascular smooth muscle cells surrounding the adjacent pulmonary arteries as they form from the merging endothelial tubes.
Formation of the Pulmonary Arteries
This study has suggested that the human intrapulmonary arterial branching system, at least from 34 d of gestation, develops by the continuous expansion of the mesenchymal primary capillary plexus. We found by serial reconstruction that there was continuity of circulation between the peripheral capillaries and the heart from at least 38 d of gestation. This is an earlier stage of development than was previously described in the mouse lung where an injection technique showed that the mouse capillary plexus only linked to the hilar vessels at 13 to 14 d gestation, the equivalent of 16 wk gestation in humans (3) . In mice, the proximal arteries were thought to develop by angiogenesis. In any species it is generally accepted that the arteries and airway branch from the hilum toward the periphery, accompanied by centrifugal maturation of their walls. The present study confirms that this is true for the human airways but may not be for the pulmonary arteries. It appears that the intrapulmonary arteries are formed by a process of sustained addition of newly formed endothelial tubes at the lung periphery. These arteries increase in size with age and become invested with smooth muscle cells that also mature with age judged by their cytoskeletal protein expression. Thus, the older more proximal arteries have a more mature cytoskeleton than do the peripheral arteries during development, but by birth, all show a similar expression of proteins.
Vascularization during organogenesis proceeds either by vasculogenesis or angiogenesis or both. Vasculogenesis is usually associated with embryonic development (21) . We found dividing cells around the terminal buds, and in the same area on adjacent sections, cells were positive for CD31. Serial reconstruction showed that the small groups of CD31-positive cells were continuous with tubes that progressively expanded in size, by definition vasculogenesis (21) . This vasculogenesis appeared to continue at least until the end of the glandular period (approximately 15 to 17 wk gestation) when preacinar airway branching is complete (16) . There was less mesenchyme surrounding the airways after 16 wk gestation, and the capillaries were more closely associated with the airway walls. Vasculogenesis may only be possible while there is considerable mesenchymal tissue around the airways, in which the endothelial tubes can form. We could not tell whether vasculogenesis continued beyond 17 wk gestation or whether it was superseded by a period of angiogenesis. At this time, the human lung enters the canalicular phase, and although airway branching continues, it is to form the prospective respiratory unit airways (18) . Previous experimental studies have shown that there are time-dependent changes in the way in which the mesenchyme and endoderm interact in the developing lung. In the rat lung, by 16 d gestation the endoderm no longer responds to mesenchymal signals to branch (22) . In the mouse lung, during the saccular stage apoptotic mesenchymal cells are evident and are not seen in the earlier pseudoglandular, airway branching stage (23) .
What may induce the capillary plexus to form around the epithelial bud? Previous experimental graft studies using the embryonic chick and quail lung have shown that the endothelial cells forming the lung vasculature arise from the mesenchyme surrounding the endoderm and are not formed by outgrowths from the host endoderm (24) . Pardanaud and coworkers (24) hypothesized that the endoderm induces the emergence of endothelial cells. Using a Millipore filter (Millipore, Bedford, MA) between endoderm and mesenchyme, Taderera (25) showed that vascular tubes only formed if the endodermal, epithelial tube was present, presumably being influenced by a diffusable substance. Vascular endothelial growth factor may perhaps mediate this epithelial-mesenchymal cross talk. This product is detected in the epithelial cells during the glandular stage of the human fetal lung (26) , and gene expression has been demonstrated on adult rat and guinea pig epithelia (27, 28) .
Endothelial tubes are known to recruit smooth muscle precursor cells that differentiate rapidly around them, within 24 h in the chick (29) . In the present study, smooth muscle cells appeared to derive from at least three sites in a temporally distinct sequence. The first (and probably earliest) surprisingly arose from the bronchial smooth muscle cells surrounding the airways just behind the terminal bud. These, a unique population of airway smooth muscle cells, were less mature than those in more proximal airways; they appeared to be dividing and were surrounded by a colocalization of matrix proteins known to be associated with cell migration (11, 14) . The stimulus for migration of the airway smooth muscle cells may have been the proximity of the capillary endothelium. In vitro experiments, have shown both a directed migration of arterial smooth muscle cells toward endothelial cells and an increased expression of smooth muscle-specific markers on contact (15, 30) . Thus, it appeared that the innermost vascular smooth muscle layers of the pulmonary artery and the bronchial smooth muscle were derived from a common precursor cell type originating from the mesenchyme. These arterial smooth muscle cells appeared different in shape from those of the outer layers, even in the newborn lung.
The second type of pulmonary artery vascular smooth muscle cell appeared when mesenchymal cells were found orientated around the inner two layers of smooth muscle cells. These cells, originally ␣-SM-actin negative, appeared to develop specific smooth muscle cell markers as gestation advanced. In postnatal life, interstitial fibroblasts are thought to be recruited and transformed into muscle cells during the development of thick-walled vessels seen in hyperoxia-induced pulmonary hypertension in rats (31) . Chemotactic factors are probably derived from the endothelium or from existing muscle cells and may include endothelin (32), transforming growth factor ␤ (33, 34), and platelet-derived growth factor (35) , all of which are known to be chemotactic for smooth muscle cells. These multilayered arteries will become the elastic arteries of the neonatal and adult lungs, and the outer muscle cell layers are likely to produce much of the collagen and elastin in the vessel wall.
In the older fetuses of 98 to 140 d gestation, in the canalicular phase, capillary endothelial tubes coexpressed ␣-SMactin and CD31. A similar appearance was described in the canalicular stage of the rat lung (36) . Endothelial cells have been reported to give rise to smooth muscle cells in the early muscularization of the chick aorta (4) . In vitro, adult bovine aortic endothelial cells can be transformed into spindle-shaped ␣-SM-actin positive cells by transforming growth factor ␤ 1 (37) . In the human fetal lung, it is these later formed and more peripheral vessels, ultimately in the alveolar region, that may be formed by angiogenesis (38) . However, Burri (39) has proposed that intussesception of the capillary bed may increase alveolar capillary plexuses.
Maturation of the Smooth Muscle Cells
Although each fetus studied presented a snapshot in time, the immunocytochemical studies indicated that both airway and vascular smooth muscle cells matured with age. The more proximal structures, which formed first, were more advanced in their maturation within a lung. Maturation was also faster and therefore more advanced in the airways than in adjacent arteries, as in the developing rat lung (36) . Desmin, a marker of differentiated vascular smooth muscle was present in the airways at 56 d, and other investigators have found desmin expressed from 8 wk of age in human tracheal smooth muscle (40) . But desmin was not seen in the human pulmonary arteries, even in the newborn cases, confirming earlier studies (41) . Nanaev and colleagues (42) found that desmin was only present in certain human systemic vessels during fetal life. Although in the present study the pulmonary artery smooth muscle cells appeared to derive from different sources, they acquired the same cytoskeletal markers in the same order, that is ␣-SM-actin, SM1, ␥-SM-actin, calponin, and then caldesmon, an order showing progressive maturation (43) . At birth, all the cells expressed all these proteins. The hilar arteries showed this expression by 105 d gestation, whereas the later-formed arteries in the respiratory region were still immature at 140 d but had caught up by term. Although all the muscle cells expressed the same cytoskeletal proteins at birth, we do not know if the balance between the elements is the same in cells from different origins and they may therefore still have a different phenotype. Further maturational changes are known to occur after birth with the acquisition of more smooth muscle-specific actin, contractile myofilaments, surface dense bodies (44) , and after 3 yr of age, desmin (41) . The innermost smooth muscle cells retain their distinctive shape and several smooth muscle phenotypes have been described in the postnatal bovine and porcine pulmonary arteries, expressing different cytoskeletal proteins (6, 7) .
We can only speculate on the functional implications of our findings. In the fetal airways just proximal to the terminal bud, the smooth muscle cells express ␣-SM-actin, SM1, ␥-SM-actin, and calponin. A confocal microscopic study of a 12-wk-old human fetus (45) also found dense ␣-SM-actin immunostaining in this region. This fetal airway smooth muscle is capable of spontaneous movement, and in vitro, it can respond to relaxant and contractile agonists (46) . In the pulmonary arteries, we found that the lumen was large when the cells contained only ␣-SM-actin but had the appearance of a contracted vessel having a small lumen with bulging endothelial cells when ␥-SM-actin was also present, even though the regulatory proteins calponin and caldesmon were not yet present. The lumen of even the large proximal pulmonary arteries remained narrow until after birth, presumably offering considerable resistance to flow.
In summary, our findings suggest that human preacinar intrapulmonary arteries are formed primarily by vasculogenesis, by coalescence of cells derived from the mesenchyme into endothelial tubes. The pulmonary arterial smooth muscle cells seemed to originate from more than one source, but all appear to follow the same pattern of maturation, expressing the same cytoskeletal proteins sequentially in utero. In this study, we speculate that the airway acts as a template for pulmonary arterial development and as one source of smooth muscle cells. The signaling mechanisms controlling these developmental processes remain to be elucidated.
